The precise nature of hormones and growth factors directly responsible for cartilage maturation is still largely unclear. Since longitudinal bone growth occurs through endochondral bone formation, excess or deficiency of most hormones and growth factors strongly influences final adult height. The structure and composition of the cartilaginous extracellular matrix have a critical role in regulating the behavior of growth plate chondrocytes. Therefore, the maintenance of the threedimensional cell-matrix interaction is necessary to study the influence of individual signaling molecules on chondrogenesis, cartilage maturation and calcification. To investigate the effects of insulin on both proliferation and induction of hypertrophy in chondrocytes in vitro we used high-density micromass cultures of chick embryonic limb mesenchymal cells. Culture medium was supplemented with 1% FCS + 60 ng/ml (0.01 µM) insulin and cultures were harvested at regular time points for later analysis. Proliferating cell nuclear antigen immunoreactivity was widely detected in insulin-treated cultures and persisted until day 21 and [ 3 H]-thymidine uptake was highest on day 14. While apoptosis increased in control cultures as a function of culture time, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-labeled cells were markedly reduced in the presence of insulin. Type II collagen production, alkaline phosphatase activity and cell size were also lower in insulin-treated cultures. Our results indicate that under the influence of 60 ng/ml insulin, chick chondrocytes maintain their proliferative potential but do not become hypertrophic, suggesting that insulin can affect the regulation of chondrocyte maturation and hypertrophy, possibly through an antiapoptotic effect. 
Introduction
A large number of growth factors, cytokines and hormones are implicated in the regulation of endochondral ossification (1) . In this highly regulated process, mesenchymal cells differentiate into chondrocytes that proliferate, mature, become hypertrophic and deposit large amounts of extracellular matrix (ECM) which is finally calcified, and replaced by bone (2) .
Several in vitro systems have been used to reproduce the events that occur during endochondral ossification (3) (4) (5) (6) . Nevertheless, the maintenance of the three-dimensional cell-matrix interaction is needed for chondrogenesis, cartilage maturation and calcification. Chondrocytes kept in monolayer cultures gradually lose the cartilage phenotype and begin to dedifferentiate, resembling mesenchymal cells (7) and producing molecules not characteristic of cartilage (8) .
Ahrens et al. (9) developed an in vitro system of high-density micromass cultures of chick embryonic limb mesenchyme. This system has been widely used to study chondrogenesis (10, 11) and more recently (12, 13) was used to study the process of cartilage maturation since it permits the observation of the continuous process of differentiation, maturation and calcification.
The identification of insulin and insulin receptors in the chick embryo within 48 h after fertilization demonstrates that, at physiological concentrations, insulin may act as a mitogen for some fetal cell types (14, 15) . At low concentrations, insulin increases parameters of growth, metabolism and muscle differentiation in 4-day-old chick embryos (16) . Insulin has been shown to have an in vitro stimulatory effect on chondrocyte proliferation and activity and an in vivo effect on growth plate width (17) . Also, situations of hypoinsulinemia (insulin-dependent diabetes mellitus) and hyperinsulinemia with or without non-insulin-dependent diabetes considerably alter normal bone physiology (18) .
In the present study we have investigated the in vitro effects of insulin on chondrocyte proliferation, maturation, hypertrophy and apoptosis in the established system of highdensity micromass cultures of chicken limb bud mesenchymal cells.
Material and Methods

Micromass culture
Limb buds were removed from Hamburger-Hamilton stage 23-24 chicken embryos (19) and the starting cell population consisting of mesenchymal cells was placed in calcium-magnesium-free saline glucose (CMFSG) solution. The buds were dissociated enzymatically in 0.1% (w/v) collagenase (Sigma, St. Louis, MO, USA) and 0.1% (w/v) trypsin (Sigma) in CMFSG. The cell suspension was filtered through a 20-µm nitex filter and centrifuged for 10 min at 600 g. The pellets were resuspended in CMFSG with 10% FCS and cell density was adjusted to 25-30 × 10 6 cells/ml. The cells were plated as a micromass (10 µl of the cell suspension) onto 24-well plates and allowed to attach for 1-2 h at 37ºC in a 5% CO 2 atmosphere. After incubation the cells were fed with DMEM/ F-12 medium (Sigma) containing 100 U/ml penicillin, 100 µg/ml streptomycin and 10% FCS. From day 2 on, the medium was supplemented with 2.5 mM ß-glycerophosphate and 25 µg/ml (0.15 mM) ascorbate (Sigma). To support chondrogenesis, before starting the treatment with insulin, all cultures were fed until day 3 with medium containing 10% FCS. From day 4 on the cultures were treated with 1% FCS and 1% FCS + 60 ng/ml (0.01 µM) insulin, respectively. Cultures were maintained for up to 21 days and were harvested at regular time points (days 7, 14 and 21) for analysis of growth and maturation status.
Fixation and embedding
The micromass cultures were rinsed three times in PBS and fixed in 4% (v/v) paraformaldehyde for 1 h. Subsequently they were released gently from the well with a cell scraper, dehydrated in graded series of ethanol, cleared in xylene and embedded in paraffin. Specimens were cut into 4-µm sections for all histological procedures.
Phenotypic characterization of the cells in culture
Cell morphology. Histological sections were stained with hematoxylin-eosin to analyze cell morphology and with Alcian blue, pH 1.0 (20) , to detect sulfated glycosaminoglycans in the cartilage matrix.
Type II collagen expression. Collagen type II deposition was detected by immunohistochemistry with a polyclonal rabbit antibovine type II collagen antibody (Chemicon, Temecula, CA, USA) at 1:150 dilution for 30 min at 37ºC. The primary antibody was detected with biotinylated secondary rabbit anti-mouse IgG, 1:200 (Dako, Carpinteria, CA, USA), whereas negative control sections were stained using PBS containing 1% BSA instead of the primary antibody. Normal hyaline cartilage slides were used as positive control. expression. Sections were incubated overnight with anti-mouse PCNA (Dako) as the primary antibody at 1:3000 dilution in PBS-BSA at 4ºC. Negative control sections were stained using PBS containing 1% BSA instead of the primary antibody. Slides from a human glioblastoma were used as positive control.
Cell hypertrophy
Alkaline phosphatase activity. At 4ºC, cells were rinsed in PBS, extracted with 0.5% Triton X-100 (Sigma) in 0.5 M TrisHCl, pH 8.0, mechanically homogenized, sonicated for 30 s, and centrifuged for 5 min at 4ºC at 13,000 g, and 5-, 10-and 15-µl aliquots of the supernatant were used for spectrophotometric enzyme assay (Biobrás, São Paulo, SP, Brazil). The alkaline phosphatase activity was determined as the amount of p-nitrophenol released from the substrate p-nitrophenyl phosphate on the basis of absorbance at 405 nm in a microplate reader (Model 450, BioRad, Hercules, CA, USA) and activity is reported per minute per mg protein. Protein was determined by the micro-BCA assay (Pierce Chemical, Rockford, IL, USA) in the working range 25-2000 µg/ml of BSA at 560 nm. label the 3'-end of fragmented nuclear DNA with the ApopTag plus peroxidase in situ apoptosis detection kit (Intergen, Purchase, NY, USA) following the manufacturer's recommendations, including the proteinase K step for 4 min. Rodent mammary gland slides were used as a positive control.
Statistical analysis
All values were analyzed by the paired Student t-test, with the level of significance set at P < 0.05.
Results
Micromass culture morphology and extracellular matrix deposition
At day 2, phase contrast microscopy revealed distinct cartilaginous aggregates of whole mount cultures. On day 14, cartilage nodules stained positively for Alcian blue, demonstrating the presence of sulfated proteoglycans and thus confirming the cartilaginous origin or the matrix.
At day 21, light microscopy revealed the presence of round-shaped cells surrounded by ECM, resembling cartilage in vivo (Figure 1A) . The amount of ECM increased as a function of time in all cultures, though less conspicuously in insulin-treated cultures (Figure 1B and Table 1 ).
Type II collagen was expressed in control cultures by day 14 and persisted up to day 21. Under the influence of insulin, type II collagen was labeled with the polyclonal antibody only on day 21 (Table 1 ). Cell size. Mean cell size (± SD) was determined by measuring cell diameter microscopically (magnification 40X) at each culture time point (N ≥ 100 cells/culture).
Apoptosis
Internucleosomal DNA degradation was assessed by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) (21) . Histological sections (4 µm) were incubated with terminal transferase to
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Cell proliferation
The results for PCNA immunostaining in all cultures and at different time points are presented in Table 1 . At day 7 all cultures had a similar appearance with numerous cells positively stained for PCNA. Whereas the number of proliferating cells positively stained for PCNA gradually diminished in 1% FCS control cultures (Figure 2A) , in insulin-treated cultures a high number of proliferating cells persisted up to day 21 ( Figure 2B ).
The rate of DNA synthesis, assessed by [ 3 H]-thymidine uptake by the cultures, is shown in Figure 3 . Under the influence of insulin, a statistically significant increase in DNA synthesis (P < 0.05) was observed at day 14.
Hypertrophy
At day 14, alkaline phosphatase activity was significantly lower (P < 0.05) (Figure 4 ) in insulin-treated cultures. Cell diameter was significantly smaller (P < 0.001 and P < 0.05 at days 14 and 21, respectively) ( Figure 5 ) in insulin-treated cultures compared to 1% FCS control cultures.
Apoptosis
Internucleosomal fragmented DNA was detected by TUNEL after day 7 in all cultures. With time, apoptotic cells increased in 1% FCS control cultures (Table 1 ) and corresponded to apoptosis identified by nuclear morphology in hematoxylin/eosin-stained sections. At day 21, the amount of apoptotic cells was distinctly smaller in insulin-treated cultures than in control cultures (Table 1) .
Discussion
The present results demonstrate that insulin at the concentration of 60 ng/ml (0.01 µM) is mitogenic to chondrocytes and downregulates chondrocyte maturation possibly through an antiapoptotic effect.
the cells not committed to the chondrogenic lineage and present in the original heterogeneous population were possibly prevented from proceeding through the maturation process either because of their peripheral position in the aggregates or by a sorting out mechanism (22) . An additional convenience of this culture system is to repeatedly follow an expected pattern of growth and differentiation and to achieve cartilage formation as a uniform three-dimensional tissue. In this micromass system, mesenchymal cells chondrified, matured, and sustained hypertrophy as single cartilage nodules distributed randomly within the culture (12) . Since this system closely reproduces the entire history of the chondrocyte, including cell morphology, matrix deposition and programmed cell death, it becomes a highly suitable model for the study of chondrocyte maturation under the influence of insulin.
The role of insulin as a growth-regulating hormone has been well established. Quarto et al. (23) demonstrated that insulin is a primary factor involved in the onset and progression of chondrogenesis. They also postulated that insulin acts directly on chondrocyte maturation without utilizing the secondary pathway of binding to IGF-I receptors. Indeed, in vivo (17) but not in vitro (24) , the local production of IGF-I is apparently necessary for the growth-promoting role of insulin. Quarto et al. (25) also showed that FGF-2 induces chondrocyte proliferation if associated with insulin. Their findings demonstrated that FGF-2 does not induce cell proliferation by itself but must be associated with insulin, thus demonstrating a synergistic effect of the two factors. Insulin availability is also intimately linked to the progression of normal and aberrant fetal growth. Hill and De Sousa (26) suggested that physiological concentrations of insulin might exert direct growth-promoting actions on the epiphyseal growth plates of the fetal lamb.
The experiments reported here show that, under the influence of low concentration of Figure 5 . Effect of insulin and culture time on cell size. The cells treated with insulin were significantly smaller on days 14 (P < 0.001) and 21 (P < 0.05), respectively, compared to control. Cell sizes were calculated based on the assumption that chondrocytes were spherical in shape. One hundred cells were measured at each time point in each culture. Data are reported as mean ± SD for 10 independent experiments. Open columns, 1% FCS; closed columns, 60 ng/ml insulin.
In the model utilized in this study (12) , the cells derived from mesenchymal embryonic chick limb buds were prepared in micromass cultures. During the first 2 days of culture, aggregates were formed that ultimately differentiated into cartilage nodules consisting of round-shaped cells surrounded by ECM and resembling cartilage in vivo. In these high-density cultures, cell contact and the secretion of macromolecules into the microenvironment control cell growth and differentiation. Mesenchymal cells obtained from limb buds at stage 24 are phenotypically committed to turning into cartilage and, indeed, in culture systems cartilage develops as the major phenotype. On the other hand, 1% FCS control culture 60 ng/ml insulin + 1% FCS insulin (60 ng/ml), chondrocytes proliferate but exhibit a significant impairment of maturation. This view is supported by the findings of lower alkaline phosphatase activity, lower mean cell diameter and reduced synthesis of type II collagen. Whereas in 1% FCS cultures the number of proliferating cells positively stained for PCNA was reduced over time, in insulin-treated cultures the level of cell proliferation was sustained throughout the period of observation.
The rate of DNA synthesis, assessed by [ 3 H]-thymidine uptake, was also significantly higher under the influence of insulin. Hill and De Sousa (26) showed that fetal tissues are more sensitive to the trophic effects of insulin and that, at physiological concentrations, insulin has a mitogenic action on isolated fetal lamb epiphyseal chondrocytes. Ballock and Reddi (3) also observed that insulin maintained chondrocyte viability in the absence of cell hypertrophy.
In vivo and in vitro studies have demonstrated that terminally differentiated chondrocytes undergo programmed cell death (12, 27) . In vivo studies have shown that in the proximal tibial growth plate of young chicks, terminally differentiated chondrocytes undergo programmed cell death (28, 29) . This process possibly provides a physiological mechanism for the rapid and controlled removal of terminally differentiated cells.
In the present study cell apoptosis was detected by the ApopTag Plus method which is based on the specific staining of fragmented DNA. The ability to observe the chondrocytes as a uniform three-dimensional tissue enabled us to visualize apoptosis at the single cell level. Also, we were able to rule out the possibility of DNA damage caused by artifacts generated by tissue digestion, cell isolation procedures, and activation of endogenous nuclease activity. The treatment with insulin was associated with an increased number of proliferating chondrocytes and a relatively low level of apoptosis.
Taken together, the data presented here suggest that insulin regulates chondrocyte maturation and hypertrophy through a possible antiapoptotic effect. Bertrand et al. (30, 31) provided the first evidence of the antiapoptotic function of insulin. These investigators postulate that this antiapoptotic action involves the activation by insulin of nuclear factor κB, a transcription factor playing a critical role in apoptosis inhibition. Yenush et al. (32) also raised the possibility that a phosphotyrosine-independent mechanism promotes the antiapoptotic and growth actions of insulin. Additional studies will be necessary to further elucidate the precise role of insulin in the control of chondrocyte maturation for the induction of growth-promoting effects on the epiphyseal growth plate.
